The Use of the Isolated Perfused Liver to Detect Alterations to Plasma Proteins BY A. H. GORDON National Institute for Medical Research, The Ridgeway, Mill Hill, London, N. W. 7 (Received 30 October 1956) Although the ability of the liver to take up microscopically visible matter is well known, and although this organ has been shown to be a major site of plasma protein synthesis (Miller, Bly, Watson & Bale, 1951) , little evidence has yet been obtained concerming its ability to take up and catabolize plasma proteins. An experiment in which Miller, Burke & Haft (1955) used 14C-labelled rat plasma for this purpose is one of the few exceptions (see below). The present study has employed 131I-labelled plasma proteins and the isolated perfused rat liver. This system has been found to be extremely sensitive to very small proportions of altered molecules present in samples of purified albumin and y-globulin isolated either by electrophoresis or by precipitation with solvents or salts. At intervals during the perfusions, plasma samples have been obtained and treated with trichloroacetic acid. The amounts of 131I then remaining soluble have been taken as representing the successive degrees of proteolysis.
The isolated perfused liver has several advantages for studies of this kind in addition to the primary one that it gives information about a single organ. These include the absence of any significant lymph pool, so that the complication is avoided of the initial period observed in vivo during which equilibration with lymph is occurring. This is of special value if it is desired to assess the initial rate of breakdown of a protein. Also, the size of the pool (and/or concentration) of the circulating plasma can readily be varied, and toxic substances which might lead to death in the whole animals can be employed. The limitations ofthis system include the short periods for which individual experiments can be conducted. This means that if two proteins with very different half-lives are present, the rapid initial breakdown of the one will overshadow the breakdown of the other. However, the rate of catabolism of a protein which is only slowly metabolized can be investigated if the material with short half-life is first removed by preliminary injection of the The pool ratio (column 9) is given by 0-0024 x [wt. of liver donor (g.)]/[wt. of plasma protein in circuit (g.)] (Campbell et al. 1956 ). The correction of the percentage of initial dose of [1811] protein catabolized/hr. (column 10) is for the amount of plasma protein in the perfusion circuit and size of liver donor (cf. p. 258). The [14C]lysine (column 14) is uncorrected for dilution of [14C] lysine with lysine originating from breakdown of liver proteins (cf. Jensen & Tarver, 1956) . RLP 43 and RLP 12 were on Lister Institute preparations. In RLP 12, the 100 mg. of amino acids used was added 3-25 hr. after the time of the first sample. For RLP 40, extra plasma was added after 2-5 hr. (cf. Fig. 1 In any perfusion system it is necessary to show that the perfused organ is fully functional. For this purpose, in the present experiments, a 14C-labelled amino acid has been added to the blood, and incorporation of the isotope in the plasma proteins has been measured (Miller et al. 1951 ). Ability to synthesize plasma proteins has been considered a sufficient criterion for the functioning of the liver. To eliminate the possibility that liver [14C]protein might have escaped into the plasma, an experiment was carried out in which 14C-labelled albumin was specifically isolated by means of an anti-serum.
METHODS
All perfusions were carried out with an apparatus of the type described by Miller et al. (1951) , simplified by omission of the rubber diaphragm and transfer of the syringe unit to the outside of the box. In order to minimize the volume of blood required, the reservoir was filled with glass beads before use.
Animals. Rats of the hooded strain maintained at the National Institute for Medical Research, Mill Hill, were used for all experiments except RLP 34, which was carried out with a liver and blood of the hooded strain from the Rowett Research Institute, Bucksburn, Aberdeenshire. Liver donors were starved overnight before use. Blood was withdrawn by heart puncture and heparinized (30 i.u./ml.).
Supplements
Glucose. 500 mg. of glucose was added at the start of each perfusion.
Amino acids. A mixture of the same 18 amino acids as given by Miller et al. (1951) was used, but in different proportions which were adjusted to agree more nearly with those known to be present in rat plasma (Henderson, Schurr & Elvehjem, 1949 Porath (1954) . After concentration by pressure dialysis, they were examined by electrophoresis on paper and then iodinated with 1311 by the method of Kekwick & MacKay (1954) .
The human albumin used for the urea-denaturation experiment, RLP 45, was from the same batch as that used for RLP 43. Denaturation with 8M-urea and subsequent removal of the urea by dialysis and regeneration of the albumin by heating to 410 for 30 min. at pH 5-25 were carried out as described by Neurath, Cooper & Erickson (1942) ; they showed that horse-serum albumin regenerated in this way has a molecular weight similar to that of native albumin, but differs from it in solubility and electrophoretic mobility.
The weights of iodinated plasma proteins used have been small (Table 1) . Therefore, to guard against losses due to protein adsorption on glassware, the solutions have been mixed with an excess of uniodinated rat serum. This was usually carried out immediately before dialysis (RLP 9, 19, 21, 23) ; however, the humany-globulin used for RLP 12 and 15 was mixed with rat serum soon after iodination and used several days later. In RLP 31, the y-globulin was not mixed with serum until after the heating procedure.
Screening. Solutions of [13LI]proteins were injected intraperitoneally into rats, volumes up to 3 ml. being used. After 48 hr. the animal was bled as extensively as possible by cardiac puncture. Sometimes a second cardiac bleeding was made possible by injecting 10 ml. of warm 0-9 % (w/v) NaCl into the inferior vena cava immediately after the first bleeding.
Estimation of the degree of catabolism. The percentages of [13I] proteins catabolized at intervals during each perfusion were estimated by removal of blood samples, which were promptly centrifuged in haematocrit tubes and then kept at 20. At the end of each perfusion the plasmas were separated and 1 ml. of each was stirred with 3 ml. of 10% (w/v) trichloroacetic acid. Carrier Nal (approx. 10 mg.) was added before to this precipitation, and when [L4C]lysine incorporation was being measured this amino acid (approx. 5 mg.) was also added as carrier. The supernatants thus formed were removed at the centrifuge without delay and estimated for radioactivity. For measurements of 14C the precipitates were handled as described by Miller et al. (1951) .
Measurements of radioactivity. [14C]Protein samples were
oxidized to CO2 and estimated as described by Bradley, Holloway & McFarlane (1954) . The error on the final samples was ± 3 %. Solutions containing 131J were estimated in a scintillation counter (cf. Cohen, Holloway, Matthews & McFarlane, 1956 ). Errors were greatest in the estimations of non-protein-bound l31I. Counting of trichloroacetic acid supernatants was usually continued long enough to give ± 5 % accuracy on the final sample of each series.
Plasma-protein estimations. These were done on 0-1 ml. samples of the plasma by the biuret method of Gornall, Bardawill & David (1949) .
RESULTS

Source8 of error
In perfusions in which low rates of catabolism occurred, possible inaccuracies in estimating the proportion of the radioactivity not due to protein became specially important. Thus concentration due to evaporation during the perfusion must lead to too high apparent rates of catabolism. Despite the use of a gas wash-bottle incorporating a sintered plate for the inflow of oxygen, some concentration occurred. Corrections based on the observed Bioch. 1957, 66 Vol. 66 257 changes in radioactivity/ml. of plasma have therefore been applied. For perfusions 32-45 a second gas washer was introduced, with the result that volume changes due to evaporation were greatly reduced. Since changes in volume due to evaporation can, under certain conditions, lead to significant errors and also because some of the rates of catabolism reported below are small, some examples of the apparent effect of volume changes on rates of catabolism are given in Table 2 . In perfusions 9-21, appropriate volumes of Ringer solution-water (1:1, v/v) were added to compensate for evaporation. However, since this procedure required complicated and possibly inaccurate corrections for dilution, as well as for concentration due to evaporation, it was abandoned, and, in perfusions 32-45 where measurements of the catabolism of screened proteins were undertaken, only corrections for evaporation and for sampling (see below) were required.
As shown below (p. 259), the initial plasma volumes have been calculated in two ways. Comparison shows differences of up to 15 % for the results obtained by the two methods. This is thought to be largely due to error in reading the haematocrit tubes, which were graduated only at intervals of 0-2 ml. For this reason the values for the initial plasma volumes have been derived from the degree of dilution of the l31I added initially.
As shown in Table 2 , errors are larger the greater the initial non-protein radioactivity of the dose. In the present work, errors due to this cause have been kept low by dialysing the [131I]protein solutions, before use, for 20 hr. against 2 1. of 0-9 % NaCl at 20 with rocking of the containing vessel. In this way, at worst, the level of non-protein radioactivity present initially has doubled during the experimental period. The effect of an increase of this magnitude is shown in Table 2 . In most of the experiments much larger increases of non-protein radioactivity took place. More prolonged dialysis would presumably have reduced still further the levels of non-protein radioactivity of the dose solutions. Since, however, the aim in most of this It may be noticed that the larger the amount of protein in the perfusion circuit the larger has been the factor by which the observed degree of catabolism has been multiplied to give the final figures for the screened proteins. Since errors must thereby be proportionately increased, it is evidently desirable to work with the minimum volume of blood that will still allow circulation and a sufficient margin for sampling.
Correction8 applied to ob8erved values (a) For volume, of blood used and size of liver. Since rather different volumes of blood have been used in the various experiments, and also because the observed degree of proteolysis must depend to some extent on the size of the liver being perfused, some of the results have been multiplied by a factor (0-0024 x liver donor weight)/(plasmaproteinweight in perfusion circuit), called 'the pool ratio' (Campbell, Cuthbertson, Matthews & McFarlane, 1956 ). The main purpose of this correction is to allow comparison of the results of one experiment with another. It is also necessary for the attempt made below to calculate the proportion of albumin catabolized in the liver in vivo (cf. Discussion and Table 5 ). However, such calculations are valid only if the rate of catabolism has been shown to be exponential over the period of the experiment, and the absolute amount of protein broken down to be constant despite different pool sizes. That this may be true for screened proteins is suggested both by the results shown in Figs. 4 and 5 and by the experiment (Fig. 1 ) in which the pool size was increased during the perfusion. On the other hand, with some of the uncreened dose materials the rate of catabolism fell markedly during the perfusion, so that except for RLP 40 such corrections have not been made. Any attempt to deduce a 'rate of catabolism' which is valid for a longer period than the 5 hr. used for these experiments involves the assumption ofa continuing constant rate of catabolism. This can be expected only if the homogeneity of the dose material is absolute. The aim ofthe screening experiments has been to achieve this, but it is recognized that further work is required to show how nearly homogeneity has, in fact, been attained. 258 I957 (Table 1) have been used:
(1) The volume of blood in circulation at the end of the perfusion is estimated as follows: Volume of blood pumped out (62 ml.) + [(Radioactivity of washings from perfusion circuit + liver saline perfusate)/(Radioactivity/ml. of final blood) (5.62/0-416 = 13-5 ml.)] = 75-5 ml. (total vol.).
(2) From the final blood volume and haematocrit (31-4 %) the volume of red cells in final blood is calculated to be 23-7 ml. To this, the volume of red cells of all samples (6.6 ml.) is added and from the initial haematocrit the initial plasma and blood volumes are obtained (72 and 102 ml. respectively).
(3) The volume of plasma initially in the perfusion circuit is estimated by dividing the initial dose of [1311] protein by the radioactivity/ml. of the plasma. (0.5 ml. of plasma was diluted to 10 5 ml., and 3 ml. of this solution was used for counting. Therefore, plasma vol.
42-2 x 0-5 x 3 x 7*2 x 105 58 400 x 10-5 =74-2 ml. and blood volume = 106 ml.) (4) A correction is applied for sampling as shown in Table 3 , using the blood volume obtained in (3) above.
(5) Cumulative increases are multiplied by the appropriate factor to correct for any volume change due to evaporation, i.e. final volume/initial volume = 1 0 as estimated by change in total radioactivity/ml. of plasma samples.
(6) To obtain the percentage ofthe dose catabolized during 5 hr. the corrected non-protein radioactivity formed/ml. of blood or plasma is expressed as a percentage of the initial dose/ml. Since the amount of protein catabolized has been estimated from the proportion of 1311 rendered non-precipitable by trichloroacetic acid, a control experiment was carried out to ascertain recovery of [1311]iodide added to rat blood. The same conditions were used as in the liver perfusions except for the absence of the liver. After addition of 2-87 uc in 0-7 mg. of carrier Nal to 104 ml. ofrat blood, radioactivities in the whole blood, whole plasma and plasma trichloroacetic acid supernatants were measured at hourly intervals for 5 hr. Recovery in plasma and in the plasma trichloroacetic acid supernatants was the same, namely 71 % of the added dose. Variation between samples was small, being ± 3-8 % ofthe dose for the plasma and + 31 0/ for the plasma trichloroacetic acid supernatants. No trend in these figures could be detected. Correction for plasma volumes on the assumption of equal concentration of iodide inside and outside the red cells gave a total recovery of 102 %. Recovery in the whole blood measured directly was 97 % of the dose. In this series of measurements the value at 10 min. was low and has been excluded from the average.
(ii) Stability of [L31I]albumin in ab8ence of a liver. In another control experiment again with no liver present, 10 c of iodinated rat albumin (approximately 0-3 mg. of albumin) was added to 113 ml. of rat blood and circulated for 3 hr. At this time a further 10 ,c ofthe same solution was added and the experiment was continued for 3 hr. Measurements of the radioactivity in samples taken at hourly intervals showed 2-1 % to be non-precipitable by trichloroacetic acid. After the second addition this figure remained almost the same (2.2 %).
(iii) Ab8ence of exchange of [14C]ly8ine with circulating antibody y-globulin and i8olation by electrophore8i8 and precipitation with an anti8erum of 14C-labelled rat albumin. The liver of a rat weighing 263 g. was perfused with 116 ml. of blood, 58 ml. of which was obtained from rats which 6 weeks previously had receivedl two intramuscular injections ofhuman albumin each of 5 mg. in 0-5 ml. of Freund's adjuvant mixture (Freund & McDermott, 1942 ). An interval of a week was allowed between the injections. The antibody level in the plasmas at the time of use lay between 1-0 and 1-6 mg./ml. L-Lysine (11 mg.) was included in 100 mg. of the amino acid mixture, and 500 mg. of glucose plus Ringer's solution to a total volume of 138 ml. were used. Half an hour after starting the perfusion, 10 lic (0.5 mg.) L-[14C]lysine was added and samples were taken after 10 min., 2 hr. 40 min. and 5 hr. 10 min. No radioactivity could be detected in the first sample, whereas 2-35 and 5-0 % of the dose appeared in the proteins of the subsequent samples. After addition of human albumin at optimum proportions to another sample of the final plasma and standing for 2 days at 00, the antigen-antibody complex precipitate was centrifuged off. After being washed three times with saline at 0°, followed by washes with 1:1 (v/v) ethanol-water, ethanol and ether, the precipitate was dried and estimated for 14C. The specific activity was found to be less than 2 % of that of the protein of the whole plasma, which was precipitated for this purpose by trichloroacetic acid and washed as described above. Since no precautions for the removal of complement were taken, this level of radioactivity in the antibody precipitate may be considered as being due to coprecipitation with traces of the radioactive proteins present in the plasma. Exchange between free ["4C]lysine and antibody lysine, and thus presumably that of the other plasma proteins also, if it occurs at all cannot be at a level which needs to be taken into account for the present experiments.
To investigate further the nature of the radioactive proteins that had appeared during the perfusion, 12 ml. of the final plasma was subjected to electrophoresis in a starch slab. Veronal buffer (0 1M) at pH 8-6 and 3-0v/cm. for 24 hr. were used. Elution of those parts of the starch expected to contain the albumin and the y-globulin gave 160 and 18 mg. of protein respectively. Approximately 1 mg. of this albumin plus 30 mg. of total serum proteins from a rabbit hyperimmunized against rat albumin (kindly made available by Dr P. N.
Campbell) in a volume of 4 ml. of 0-9 % (w/v) NaCl was kept at 370 for 1 hr. The precipitate which formed was removed and washed as described above, except that only a single wash with saline was done; 8-0 mg. of protein was obtained. Both this sample and the protein obtained by trichloroacetic acid precipitation of a sample of the eluate from which it came were estimated for 14C. The radioactivity of the eluate protein (albumin fraction) was 720 disintegrations/min./mg. of C, whereas that of the antigen-antibody complex was 100 disintegrations/min./mg. of C. These figures indicate that 81 % of the radioactivity present in the eluate was precipitated by the anti-albumin serum. Only the 0-52 % of the total radioactivity recovered from the starch appeared in the yglobulin fraction, which is in accord with the finding of Miller & Bale (1954) that no more than traces of y-globulin are synthesized in the rat's liver.
(iv) Effect of protein-pool 8ize. Assuming that there is no special selection of [131I]protein molecules for catabolism, it is to be expected that the rate of . The liver donor used had been immunized against human serum albumin. The proportion of the blood from rats similarly treated was 18 %. During 9 min. after the addition of the human serum albumin the perfusion rate fell steadily to one-quarter of its initial value (approximately 7 ml./min. (1942) . Yet in the present work it has been observed that albumin before and after urea denaturation (RLP 43 and RLP 45) showed rather similar differences to those observed in the in vitro system of Bernheim et al. (1942) . Approximately 10 % of the preparation of rat y-globulin which had been heated to 650 for 2 min. (RLP 31, Fig. 3 (Figs. 4, 5) . Comparison of these rates with those observed in vivo suggests that in vivo only a small proportion of each protein is broken down in the liver. An attempt to estimate this proportion quantitatively may be made for rat albumin as shown in Table 5 .
A similar calculation for y-globulin may be made, but is of less interest because of the lack of any accurate estimate of the proportion of y-globulin in rat serum. Accurate estimates of the rate of catabolism of human albumin in rats are not available, but (Campbell et al. 1956) , and 50% of this as albumin Rate of catabolism of albumin in vivo (Campbell et al. 1956 livers are fully functional, it seems probable that in vivo also only a small proportion of the total breakdown of plasma proteins is brought about by the liver. If this is so, the finding of Miller et al. (1955) that 14C-labelled plasma proteins are broken down as fast by the perfused liver as in the whole animal will require reinterpretation. At the moment it is possible only to note that the rate of catabolism ing(RLP36). reported by Miller et al. (1955) is very much faster ,bolized have than anything observed in the present experiments, Do concentra-at least when screened proteins have been used. based on the As shown in Table 4 , some proportionality exists amples. The between the amounts of the various proteins broken m.
down during 5 hr. and the amounts of each (as measured by 1311) which were found in the liver at iomologous the end of the perfusion. However, in perfusion 23, ibolic rates where the antigen-antibody complex was present is albumins presumably as larger aggregates, the liver was able are closely to remove much more protein than could immnediymes of the ately be catabolized. Only very small proportions ,es between of screened proteins (0.35 % of the dose for rat albumin) were found in the livers after perfusion 3erved very with 30 ml. of saline at the end of the experiment. na proteins Possibly only very small amounts of these proteins d for these are able to penetrate any of the liver cells except xnditions of those of the reticuloendothelial system. On the { to break other hand, previous work by means of fluorescent ixclude this antibodies and bovine serum albumin (Coons, Lr to reduce Leduc & Kaplan, 1951) has shown that this protein rst, there is can be revealed within the nuclei of mouse hepatic ,-[14C]lysine cells. If these experiments were repeated with rfusions in screened proteins it might be possible to demonstrate Dlism were whether the increased breakdown characteristic of rted above, partially denatured or particulate proteins is due ,cterized by only to increased catabolism in the Kupfer cells, or The second whether all the cells of the organ play some part. 3se livers to However, the contrast between the slow rate of or proteins breakdown of soluble native albumin and the rapid Thus in the degradation of this protein when it occurs as part of allowed to an antigen-antibody complex emphasize the great ined in the reserves of proteolytic capacity in the normal liver.
The processes of morphogenesis and differentiation in embryos may be expressed on the molecular level as an increasing complexity of arrangement of proteins in the embryonic cell. This arrangement may be accompanied by development or loss of certain enzymic activities during differentiation until the complement of enzymes characteristic of adult tissue is attained. Boell (1955) has reviewed the considerable amount of evidence that enzyme development is linked with functional differentiation during development.
The ontogenic sequence of carbohydrate and protein as primary energy sources during development of the chick embryo (Needham, 1931) may be accompanied by the appearance of enzymes concemed with the conversion of carbohydrate into protein precursors. Glutamic dehydrogenase (GDH) plays an interesting role in amino acid metabolism, by providing a possible pathway for the production of glutamic acid from carbohydrate sources by the fixation ofammonia, or as an 'L-amino acid oxidase' in conjunction with the transaminases (Braunstein & Bychkov, 1939; Braunstein & Azarkh, 1945; Meister, 1955) .
GDH activity has been measured in blastoderms, embryos and their extra-embryonic tissues during
